In this study, we have used the PC12 cell model to elucidate the mechanisms by which sublethal doses of oxidants induce neuritogenesis. The xanthine/xanthine oxidase (X/XO) system was used for the steady state generation of superoxide, and CoCl 2 was used as a representative transition metal redox catalyst. Upon treatment of purified protein kinase C (PKC) with these oxidants, there was an increase in its cofactor-independent activation. Redox-active cobalt competed with the redoxinert zinc present in the zinc-thiolates of the PKC regulatory domain and induced the oxidation of these cysteine-rich regions. Both CoCl 2 and X/XO induced neurite outgrowth in PC12 cells, as determined by an overexpression of neuronal marker genes. Furthermore, these oxidants induced a translocation of PKC from cytosol to membrane and subsequent conversion of PKC to a cofactor-independent form. Isoenzyme-specific PKC inhibitors demonstrated that PKC⑀ plays a crucial role in neuritogenesis. Moreover, oxidant-induced neurite outgrowth was increased with a conditional overexpression of PKC⑀ and decreased with its knock-out by small interfering RNA. Parallel with PKC activation, an increase in phosphorylation of the growth-associated neuronal protein GAP-43 at Ser 41 was observed. Additionally, there was a sustained activation of extracellular signal-regulated kinases 1 and 2, which was correlated with activating phosphorylation (Ser 133 ) of cAMP-responsive element-binding protein. All of these signaling events that are causally linked to neuritogenesis were blocked by antioxidant N-acetylcysteine (both L and D-forms) and by a variety of PKC-specific inhibitors. Taken together, these results strongly suggest that sublethal doses of oxidants induce neuritogenesis via a direct redox activation of PKC⑀.
Understanding the signaling mechanisms involved in neuritogenesis resulting from a compensatory response to injury is crucial to the development of therapeutic agents for recovery after spinal cord and traumatic brain injuries (1, 2) . The study of neuritogenesis requires the identification of molecular targets using a suitable experimental model. One of the best characterized cellular models for studying the neuronal pathways involved in neuritogenesis is the rat pheochromocytoma cell line PC12 (3) . This cell line continues to be an important model system for the study of cell signaling mechanisms induced by a variety of stimuli, including neurotrophins, hormones, and oxidants (4, 5) .
In addition to damage from mechanical forces, spinal cord and traumatic brain injuries may result from secondary mechanisms involving ischemia, excitotoxicity, cytokines, and an infiltration of neutrophils at the site of injury (6, 7) . The inflammatory response results in the generation of reactive oxygen species (ROS), 2 including superoxide and hydrogen peroxide, which can cause oxidative damage to tissues and lead to cell death (8) . Paradoxically, sublethal doses of oxidants can also induce a variety of cellular processes, including cell growth, adhesion, invasion, and differentiation (9 -11) . Importantly, ROS are involved in the action of a variety of growth factors and neurotrophins, including nerve growth factor (NGF), which supports neuronal survival during development and promotes axonal regeneration after neuronal injury (12) (13) (14) (15) .
NGF induces neuritogenesis in PC12 cells by binding to and activating receptor-associated tyrosine kinase, TrkA (4, 5, 16) . The associated signaling pathway leads to the activation of B-Raf (via Ras and Rap1), which is coupled to the activation of mitogen-activated protein kinase (MAPK) kinase. This activation leads to a rapid and sustained activation of extracellular signal-regulated kinases (ERKs). The activation of ERKs is both necessary and sufficient for neurite outgrowth in PC12 cells (17) . Furthermore, TrkA activation is also coupled to phospholipase C␥ activation, which in turn leads to protein kinase C (PKC) activation (18) . This is relevant, since PKC also contributes to the activation of ERKs via Raf. Many different stimuli act on PC12 cells to induce signaling pathways that may converge in the sustained activation of the MAPK pathway. This ultimately leads to phosphorylation-mediated activation of cAMP-responsive element-binding protein (CREB), which induces a set of genes involved in neuritogenesis (19) . Although it has been established that NGF mediates its action through this protein kinase cascade, it is not known which protein kinases are regulated by sublethal doses of oxidants to induce neuritogenesis. * This work was supported, in whole or in part, by National Institutes of Health Various studies have shown an important role for PKC in neuritogenesis (20 -22) . Furthermore, PKC is also a unique target for oxidants (23) . Depending on the type of oxidant, the site of oxidation, and the extent of modification, PKC can be either activated or inactivated by oxidation (24) . The regulatory domain of PKC contains the C1 module with a cysteine-rich region coordinating four atoms of zinc (25) . Selective modification of this autoinhibitory domain is achieved by treatment with a low concentration of oxidants and results in a cofactor-independent activation of PKC (23, 24) . Alternatively, modification of the cysteine residues present within the catalytic domain is achieved by treatment with a higher concentration of oxidants and results in the inactivation of PKC. Since PKC is a family of more than 11 phospholipid-dependent serine/threonine protein kinases with variation in structure (26 -28) , there may be a difference in susceptibility to oxidants among the various isoenzymes.
The PKC isoenzymes are divided into three categories based upon the cofactors that are required for optimal catalytic activity (26 -28) . Conventional PKCs (␣, ␤, and ␥) are calcium-dependent and are stimulated by a second messenger, diacylglycerol. Novel PKCs (␦, ⑀, ç, and ) are also activated by diacylglycerol but are calcium-independent. Atypical PKCs ( and /) require neither calcium nor diacylglycerol for optimal activity. Although most cells express more than one type of PKC, differences among the isoenzymes with respect to activation conditions and subcellular locations suggest that individual PKC isoenzymes mediate distinct cellular processes in a cell type-dependent manner (26 -28) . Therefore, it is important to identify the isoenzymes that are involved in oxidant-induced neuritogenesis, particularly in the phosphorylation-mediated regulation of growth-associated proteins that are intimately involved in this process.
The growth-associated protein GAP-43 (also known as neuromodulin or B-50) is abundant in developing and regenerating neurons and is believed to function in neuronal plasticity (29) . The gene expression of GAP-43 is increased as a compensatory response in corticostriatal neurons after cortical lesion (30) . In addition, synthesis of GAP-43 is enhanced by stabilization of its mRNA by a PKC-dependent pathway (31) . GAP-43 is also a highly specific substrate for PKC (32) . The PKC-mediated phosphorylation of GAP-43 has the ability to directly influence the structure of the actin cytoskeleton within the growth cone (33) . Nevertheless, the mechanisms by which PKC-activating oxidants might influence the phosphorylation and function of GAP-43 in neurite outgrowth have not been previously described.
In this study, using the PC12 cell model, we show that the model oxidants COCl 2 and xanthine/xanthine oxidase (X/XO) activate PKC by inducing the oxidative modification of zinc-thiolates present in its regulatory domain. Additionally, we show that oxidantinduced direct regulation of PKC (particularly PKC⑀) induces neuritogenesis through a sustained activation of the MAPK pathway and the phosphorylation of GAP-43 and CREB.
EXPERIMENTAL PROCEDURES

Materials-5,5Ј-Dithiobis(2-nitrobenzoic acid) (DTNB)
, protein kinase A, phosphorylase kinase, xanthine oxidase, xanthine, N-acetyl-L-cysteine (NAC), aprotinin, leupeptin, dithiothreitol (DTT), pepstatin A, and monoclonal anti-GAP-43 antibodies were from Sigma. Myristoylated polypeptide PKC inhibitor residues 20 -28, rottlerin, bisindolylmaleimide (BIM), bisindolylmaleimide V (BIM V), and PD98059 were from Alexis Biochemicals. PKC⑀ translocation inhibitor and G418 were from Calbiochem. Mouse PKC isoenzymes ␣, ␤, ␥, ␦, and ⑀ were partially purified from rat brains (24, 34, 35) . In some cases, a mixture of Ca 2ϩ -dependent isoenzymes (␣, ␤, and ␥) was used, since these isoenzymes can be purified to homogeneity in higher amounts by Ca 2ϩ -dependent hydrophobic chromatography (24) . The catalytic and regulatory domains of PKC isoenzymes (␣, ␤, and ␥) were separated by trypsin treatment and chromatographically isolated (36) . Rabbit polyclonal antibodies against PKC isoenzymes were raised by injecting hemocyanin coupled with sequencespecific peptides from the variable regions in PKC isoenzymes using published procedures (37) . These peptides and a PKCspecific substrate peptide corresponding to a neurogranin amino acid sequence (residues [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] were synthesized at the core facility of Norris Comprehensive Cancer Center.
Cell Culture and Treatments-PC12 cells, originally obtained from Dr. Christine Pike (University of Southern California), were grown in RPMI medium supplemented with 10% heat-inactivated horse serum, 5% fetal calf serum, 50 units/ml penicillin, and 0.05 mg/ml streptomycin. We used CoCl 2 (50 -150 M) as a representative transition metal redox catalyst, and the X/XO system, composed of 0.25 mM xanthine and 1-5 milliunits/ml xanthine oxidase (Sigma), as a model for the steady state generation of oxidants (10) . Inactive analogs of inhibitors were used as controls for inhibitors. When agents were dissolved in organic solvents, appropriate solvent controls were used.
Quantitative RT-PCR for Analyzing the Expression of Neuronal Marker Genes-Total RNA was extracted with TRIzol reagent (Invitrogen) and chloroform, precipitated with isopropyl alcohol, washed with 75% ethanol, and then dissolved in RNasefree water. Isolated RNA was then DNase-treated (Qiagen, Valencia, CA) and cleaned using a Qiagen RNeasy kit. RNA was quantified using the BioPhotometer (Eppendorf) and used for quantitative real time PCR (qRT-PCR) analysis of the mRNA for neurofilament-L, GAP-43, and SCG10 (superior cervical ganglion-10). qRT-PCR analysis was performed with the MyiQ single-color real time PCR detection system (Bio-Rad) using SYBR Green PCR Master Mix (Bio-Rad) according to the manufacturer's protocol. The amplification protocol consisted of one cycle at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. The dissociation curve protocol was performed at the end of the amplification to confirm a single peak near the calculated melting temperature of each amplicon. All amplifications were run in triplicate. A standard curve of cycle thresholds using serial dilutions of cDNA samples was used to calculate the relative abundance. The difference in the initial amount of total RNA between the samples was normalized in every assay using a glyceraldehyde-3-phosphate dehydrogenase gene expression as an internal standard. Forward and reverse PCR primers, synthesized by Integrated DNA Technologies (Coralville, IA), consisted of the following: glyceraldehyde-3-phosphate dehydrogenase forward primer (5Ј-TGCACCACCAACTGCTTAG-3Ј) and reverse primer (5Ј-GGATGCAGGGATGATGTTC-3Ј), neurofilament-L forward primer (5Ј-TAGCGCCATGACGGGACACAATC-3Ј) and reverse primer (5Ј-TCTTCCTGGACGTGGCTGGTAT-3Ј), GAP-43 forward primer (5Ј-GATGGTGTCAAACCGGAG-GAT-3Ј) and reverse primer (5Ј-CTTGTTATGTGTCCACG-GAAGC-3Ј), and SCG-10 forward primer (5Ј-AGAAAGA-GATGAATGGGAAGACAGA-3Ј) and reverse primer (5Ј-CGGCCCATTAGAAGGTTCAG-3Ј).
Immunofluorescence Staining of ␤-Tubulin III-PC12 cells were seeded at a low density on polylysine-coated culture slides (BD Biosciences, Bedford, MA) and were grown for 24 h. The cells were then treated with 150 M CoCl 2 or the X/XO system for 2 days. Cells were fixed with 4% paraformaldehyde in phosphate-buffered saline for 20 min were then washed three times in phosphate-buffered saline and subsequently permeabilized with 0.1% Triton X-100 for 30 min. Cells were blocked in 5% goat serum before incubation with ␤-tubulin III monoclonal antibody (1:200 dilution; Covance, Emeryville, CA) at 37°C for 1 h. The cells were washed three times and incubated with Alexa Fluor 488 goat anti-mouse IgG secondary antibody (Invitrogen) for 1 h at room temperature. Cells were mounted with Vectashield (Vector Laboratories, Burlingame, CA) containing 4Ј,6-diamidino-2-phenylindole for nuclear staining and viewed on an LSM 510 laser-scanning microscope (Carl Zeiss, Thornwood, NY). No fluorescence was detected when the primary antibody was omitted.
Quantitation of Neurite Outgrowth-PC12 cells were plated in polylysine-coated 24-well plates at a density of 1 ϫ 10 4 cells/ml in a growth medium. After 16 -24 h, cells were treated with CoCl 2 , X/XO, NGF, or other agents either alone or in combination for 4 days. The cells were then scored for the presence of neurites (10, 22) . For each treatment, 200 cells in each of three separate fields were scored. Cells with outgrowths longer than two diameters of the cell body were scored positive for neurites and were expressed as a percentage of the total cell number.
PKC Assay-The assays of PKC as well as other protein kinases were carried out in 96-well plates with fitted filtration discs made of Durapore membrane (38) . Briefly, PKC reaction samples containing 20 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 0.33 mM CaCl 2 , 0.1 mM [␥-
32 P]ATP (3 million cpm), histone H1 (0.1 mg/ml), 40 M leupeptin, and 25 l of PKC sample in a total volume of 125 l were incubated at 30°C for 5 min. After arresting the reaction with trichloroacetic acid and ultrafiltration, the radioactivity associated with the protein retained on the membrane was determined. In certain cases, histone H1 was replaced with 5 M neurogranin substrate peptide (residues [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] , and the same reactions were carried out in regular 96-well plates without filtration discs. The reaction was arrested with 10 l of 1 M phosphoric acid, the samples were applied to Whatman P81 paper (2 ϫ 2 cm), and the papers were washed four times with 75 mM phosphoric acid. Radioactivity retained in the washed paper was counted. PKC activity was expressed in units, where 1 unit of enzyme transfers 1 nmol of phosphate to histone H1 or neurogranin per min at 30°C.
Since a PKC assay using histone H1 as a substrate is relatively simple, it was used for determining the activity of conventional PKC isoenzymes (␣, ␤, and ␥). Histone H1, however, is not a good substrate for measuring the activity of novel and atypical isoenzymes. On the other hand, the neurogranin substrate peptide is appropriate for determining the phosphotransferase activity of all PKC isoenzymes even in the presence of protein phosphatases (39) . Therefore, we used this substrate for determining the activity of all PKC isoenzymes in cell extracts. Furthermore, there is significant homology between the phosphorylation domain of neurogranin and that of GAP-43 (39) . Therefore, PKC assay using the neurogranin substrate peptide is an appropriate means for determining PKC activity in relation to GAP-43 phosphorylation.
Phorbol Ester Binding-Phorbol ester binding to isolated PKC was carried out by a multiwell filtration approach using [ 3 H]phorbol 12,13-dibutyrate (PDBu) as a ligand (38) . To determine phorbol ester binding in intact cells, PC12 cells were grown in polylysine-coated 6-well plates. The medium was changed to a serum-free medium, and then cells were treated with various concentrations of CoCl 2 for 90 min. Then 37.5 nM [ 3 H]PDBu (0.25 mCi) was added to the medium. To determine nonspecific binding, 10 M unlabeled PDBu was included with radiolabel. After incubation for 30 min, cells were washed four times with ice-cold saline and lysed with 0.2 M NaOH. The radioactivity present in the cell extract was then determined. The specific binding was calculated by subtracting the nonspecific binding from the observed total binding (38) .
Isolation of PKC from Cells Treated with CoCl 2 or X/XOConfluent PC12 cells in a serum-free medium were treated with CoCl 2 or X/XO oxidase system for 15-120 min. From the oxidant-treated cells, both cytosol and detergent-solubilized membrane fractions were prepared (24) . Unless otherwise indicated, mercapto compounds were omitted from all of the buffers used for cell homogenization and chromatographic isolation of PKC. The cell extracts were subjected to DEAEcellulose chromatography, as described previously (24) . PKC isoenzymes were eluted with 0.1 M NaCl (peak 1), and the constitutively active forms of isoenzymes were eluted with 0.25 M NaCl (peak 2).
Quantitation of Cysteine Sulfhydryls in CoCl 2 -modified PKC-We used a mixture of PKC isoenzymes (␣, ␤, and ␥), which can be purified in large amounts. Highly purified PKC (0.5 nmol) free from thiol agents was incubated in triplicates with various amounts of CoCl 2 (0.25-10 mol/mol of PKC) in 100 l of 20 mM Tris-HCl (pH 7.5) and 1 mM CaCl 2 for 25 min at 30°C. The excess CoCl 2 was removed by centrifuge gel filtration using Bio-Spin 6 (Bio-Rad) columns, and then the samples were transferred to a 96-well plate (40) . Accessible sulfhydryls remaining after oxidation were quantitated by a modified DTNB method (36) . To each well, 50 l of 1.2 mM DTNB was added, and the absorbance was read at 405 nm. To measure the total titratable sulfhydryls present in PKC, 50 l of 10% SDS was added to all of these samples, and the absorbance at 405 nm was read again after 5 min. NAC was used as the standard for sulfhydryl quantitation.
Western Blotting Analysis of Proteins-Cells were serumstarved overnight and treated with CoCl 2 . The cell pellet collected by centrifugation was resuspended in a cold lysis buffer consisting of 20 mM Tris-HCl (pH 7.4), 0.5% sodium deoxycholate, 2% Igepal CA-630, 0.2% SDS, 1 mM phenylmethylsulfonyl fluoride, 50 g/ml aprotinin, 50 M leupeptin, 150 nM pepstain A, and 0.5 mM sodium vanadate. The cell lysates were centrifuged at 10,000 ϫ g for 10 min. The supernatants, after adding electrophoresis sample buffer, were subjected to SDSpolyacrylamide gel electrophoresis.
Electrophoretically separated proteins were transferred to a polyvinylidene fluoride membrane. The membranes were blocked with 5% dry milk and subsequently incubated with the indicated primary antibodies, as described below. Specific reactive bands were detected using goat anti-rabbit or goat antimouse secondary antibodies conjugated with horseradish peroxidase. The immunoreactive bands were visualized by the enhanced chemiluminescence Western blot detection kit (Amersham Biosciences). These bands were analyzed by densitometric scanning using Scion Imaging software.
Western Immunoblotting for PKC Isoenzymes-Both cytosol and membrane fractions were subjected to electrophoresis and blotted as described above. PKC isoenzymes in Western blots were detected using rabbit polyclonal antibodies. The specificity of the antibody for each PKC isoenzyme was determined by blocking immunoreactive staining with the corresponding peptide used for raising antiserum.
GAP-43 Phosphorylation in Intact Cells-PKC-mediated phosphorylation of GAP-43 at Ser 41 was determined with rabbit anti-phospho-Ser 41 -GAP-43 antibodies. Total GAP-43 (phosphorylated and unphosphorylated) was determined using mouse monoclonal anti-GAP-43 antibodies. The total GAP-43 staining served to confirm equal loading of protein in all electrophoretic lanes.
Measuring Activation of MAPKs ERK1/2-Activation of MAPK was determined by Western immunoblotting using anti-phospho-MAPK ERK1/2 (phospho-Thr 202 /Tyr 204 ) rabbit antibodies. Total ERK1/2 (unphosphorylated and phosphorylated forms) was determined using anti-MAPK ERK1/2 antibodies, which served to confirm equal loading of protein in all electrophoretic lanes.
Activating Phosphorylation of CREB-Phosphorylation of CREB(Ser 133 ) was determined by Western immunoblotting using rabbit polyclonal phospho-CREB(Ser 133 ) antibodies. Total CREB was determined using rabbit polyclonal antibodies to CREB. This staining served to confirm equal loading of protein in all electrophoretic lanes.
Stable Transfection of PKC⑀-The metallothionein expression vector (41) used in these experiments was a kind gift from Wayne Anderson (NCI, National Institutes of Health, Bethesda, MD). The cells were transfected with either a metallothionein-driven PKC⑀ expression vector (to overexpress PKC⑀) or an empty vector (as a control) using Lipofectamine 2000 according to the manufacturer's recommended procedure. One day after transfection, the cells were plated at a lower density and grown in a selection medium containing 450 g/ml G418. After 4 weeks in the selection medium, single colonies were picked, expanded, and screened for the presence of PKC⑀ using Western blot analysis. Cadmium chloride was used for the optimal expression of PKC⑀ in these transfectants.
Transient Transfection of PC12 Cells with PKC⑀ siRNA-PC12 cells (1 ϫ 10 4 /ml) were plated in a 6-well plate. After 24 h, 50 nM PKC⑀ siRNA oligonucleotides (three predesigned Silencer oligonucleotides from Ambion) were transfected into PC12 cells with Lipofectamine 2000 according to the manufacturer's instructions. As a negative control, we used scrambled siRNA that did not exhibit homology to any encoding region but had similar GC content. The efficiency of transfection and knock-out of PKC⑀ was determined by Western immunoblotting.
Quantitation of GSH-Cells from 100-mm Petri dishes were homogenized in 1.5 ml of 4% sulfosalicylic acid and centrifuged at 13,000 ϫ g for 10 min. The protein pellet was dissolved in 0.5 ml of 1 M NaOH, and the protein was quantitated with the dye method (42) . From the supernatant, GSH was quantitated using the enzymatic recycling assay employing glutathione reductase (43) . GSSG was quantitated in the same way after conjugating GSH with 2-vinylpyridine and was expressed as GSH equivalents as previously described (43) .
RESULTS
In order to understand the molecular mechanisms involved in oxidant-induced neurite outgrowth, two representative oxidants previously known to induce neurite outgrowth were selected. X/XO was used as a model for the steady state generation of superoxide radicals, which have been implicated in neuronal injury, and CoCl 2 was used as a representative transition metal redox catalyst that can induce protein oxidations in the presence of molecular oxygen. The use of CoCl 2 is a pharmacological approach that permits the identification and characterization of proteins that are specifically oxidized at metalbinding sites by a "cage" type reaction shielded from cytosolic GSH (44) . Conversely, due to variations in the rate of generation of ROS (superoxide) by X/XO, quantitative changes are difficult to control when using this system. Therefore, unless otherwise mentioned, only the results obtained with CoCl 2 are presented. When appropriate, the data obtained with X/XO are presented as well.
Characterization of Cellular Phenotype Induced by Oxidants-In order to verify that the morphological changes that occurred upon treatment with oxidants were indeed neuronal differentiation, we performed the following experiments. First, we measured the expression of neuronal marker genes (neurofilament-L, GAP-43, and SCG10) by determining their mRNA levels. A severalfold increase in the expression of these neuronal marker genes was observed in PC12 cells treated with CoCl 2 or X/XO for 24 h (Fig. 1, A and B) . This provides strong evidence that the morphological changes observed with oxidant treatment were indeed due to the neuronal differentiation. Second, we carried out immunofluorescence staining for neuronspecific ␤-tubulin III in the PC12 cells treated with oxidants. The fluorescence staining intensity increased in the cell bodies as well as the threadlike processes that were induced by oxidants (Fig. 1C ). These observations further support the fact that the CoCl 2 -or X/XO-induced threadlike processes in PC12 cells are indeed neurites.
Oxidants Induce Neurite Outgrowth-As shown in Figs. 2 and 3, neurite outgrowth was observed in up to 40 -45% of PC12 cells treated with moderate concentrations (50 -150 M) of CoCl 2 or low amounts (1 milliunit) of xanthine oxidase in the X/XO system. This is comparable with that of NGF-induced neurite outgrowth in a complete growth medium (high serum). The neurite outgrowth was followed for only 3 or 4 days, since longer treatments with the oxidants caused rounding of cells and cell death (Fig. 2, A and B) . In contrast to these moderate concentrations, higher concentrations (Ͼ500 M) of CoCl 2 or higher amounts (25 milliunits) of xanthine oxidase induced cell death without the formation of neurites. Conceivably, oxidants induce a concentration-dependent bidirectional response with respect to neuritogenesis. Fig. 3B , NAC at a low concentration, where it can serve as a precursor for GSH, did not significantly inhibit CoCl 2 -induced neurite outgrowth. However, NAC substantially inhibited CoCl 2 -induced neurite outgrowth at high concentrations (10 -20 mM), well above those required to serve as a precursor for GSH (Fig. 3, A and B) . Furthermore, N-acetyl D-cysteine, which is not a precursor for the synthesis of GSH, also appreciably inhibited CoCl 2 -induced neurite outgrowth in a manner similar to that observed with NAC ( Fig. 3B) . Moreover, neurite outgrowth was also prevented by DTT (1 mM), a cell-permeable dithiol agent. These studies suggest that the nonspecific thiol agents inhibit neuritogenesis by acting neither as precursors for GSH nor simply as scavengers of ROS.
Role of Thiol Agents as Reductants and Metal Chelators in the Prevention of Oxidant-induced Neurite Outgrowth-As shown in
Previous studies have shown that at high concentrations (10 -60 mM), NAC acts as a reductant in addition to acting as a scavenger of ROS (45) . Additionally, NAC has previously been shown to have heavy-metal chelating properties (46) , suggesting that the binding of transition metals to thiolates can cause their oxidation. As shown in Fig. 4 , cobalt induced a catalytic oxidation of thiol groups in NAC, GSH, and DTT. Furthermore, cobalt oxidized dithiol (DTT) to a greater extent than monothiols (NAC and GSH), suggesting that vicinal thiols are better oxidized. A 10-fold excess of redox-inert zinc blocked the cobalt-induced oxidation. Conceivably, cobalt, a transition metal, causes the oxidation of thiols, and high concentrations of zinc prevent this oxidation by competing with cobalt for metalbinding thiolates. Therefore, intracellular proteins with zincthiolate structures might be good targets for cobalt, where cobalt may displace zinc and induce oxidation of vicinal thiols.
We have previously shown that tumor-promoting oxidants can both activate and inactivate PKC (24) . Nevertheless, it is not known whether oxidants that induce neuritogenesis (CoCl 2 or X/XO) can directly induce the redox modification of PKC. Before addressing this question, it is important to first establish whether or not PKC plays a key role in oxidantinduced neuritogenesis.
PKC Inhibitors Block Oxidant-induced Neurite OutgrowthInitially, we used calphostin C and chelerythrine, PKC-specific (but isoenzyme-nonselective) inhibitors, to determine the key role of PKC in oxidant-induced neuritogenesis. As shown in Fig. 5, A and B , both of these cell-permeable PKC inhibitors substantially inhibited CoCl 2 -and X/XO-induced neuritogenesis. This experiment established that PKC plays an important role in oxidant-induced neuritogenesis. Therefore, more detailed studies were carried out to determine the specific modifications of PKC that occur upon treatment with oxidants.
Direct Redox Modification of Purified PKC with CoCl 2 and X/XO-It is difficult to determine whether the changes in PKC that occur in intact cells are the result of a direct oxidative modification of PKC induced by cobalt or are indirectly caused by other mechanisms. Therefore, we determined whether CoCl 2 induces a direct redox modification of PKC and whether this modification affects its kinase activity and phorbol ester binding. Preliminary studies showed susceptibility of various isolated PKC isoenzymes (␣, ␤, ␥, ␦, and ⑀) to cobalt-induced oxidative activation. Because our goal was to determine whether or not CoCl 2 oxidizes sulfhydryls in PKC isoenzymes rather than to determine the individual differences in oxidation susceptibility of various PKC isoenzymes, we carried out these studies with a mixture of isoenzymes ␣, ␤, and ␥, which can be purified in high amounts from rat brains by rapid Ca 2ϩ -dependent hydrophobic chromatography (24, 36) . Only 18 sulfhydryls were titrated with DTNB after SDS denaturation of an untreated PKC used as a control. With or without SDS treatment, a biphasic decrease in DTNB-reactive sulfhydryls was observed with increasing concentrations of CoCl 2 (Fig.  6A) . With a very low amount of CoCl 2 (1 mol/mol of PKC), there was a decrease in ϳ7 sulfhydryl residues. These results reveal the catalytic nature of this modification. A further increase in cobalt to 10 mol/mol of PKC resulted in a decrease of only 3 additional sulfhydryls. Apparently, 7-8 cysteine sulfhydryls remained unmodified even with higher amounts of CoCl 2 (10 mol/mol). Therefore, it is possible that either these cysteine residues may be deeply buried within the protein and thus not accessible for cobalt-induced modification, or they are not readily reacting with DTNB.
At the initial stage of cobalt-induced modification, PKC lost phorbol ester binding and exhibited cofactor-independent kinase activity (Fig. 6, B and C) . However, with increased modification of cysteine sulfhydryl residues, a decrease in PKC activity was observed. Treatment with DTT (1 mM) restored phorbol ester binding and converted PKC back from a cofactorindependent form to a cofactor-dependent form. This suggests that cobalt induced a redox modification of PKC. Furthermore, in another experiment, the proteolytically derived regulatory domain required lower concentrations of CoCl 2 to inhibit its PDBu binding, whereas the isolated catalytic domain required higher concentrations of CoCl 2 for the inactivation of its kinase activity (data not shown). Collectively, these observations suggest that the regulatory domain is more sensitive to cobalt than the catalytic domain. The higher sensitivity of the regulatory domain may be due to the presence of the cysteine-rich zinc-thiolate structures in this region of PKC.
Although X/XO induced similar changes in PKC activity and phorbol ester binding, these modifications were only partially reversed by DTT. Therefore, it is possible that superoxide/H 2 O 2 formed from this system might have oxidized other amino acid residues in addition to cysteine residues, causing an irreversible oxidation of PKC. CoCl 2 and X/XO, at the concentrations that affected PKC, did not affect protein kinase A, phosphorylase kinase or protein phosphatase 2A, suggesting specificity of the oxidants for PKC isoenzymes.
Redox Modification of PKC Occurring in PC12 Cells Treated with Oxidants-In PC12 cells treated with CoCl 2 , there was an initial decrease in PKC activity in the cytosolic fraction (Fig. 7A) along with a concomitant increase in PKC activity in the detergent-extractable membrane fraction, suggesting a translocation of PKC from the cytosol to membrane. During this time, PKC activity was still dependent upon lipids. Nonetheless, after 60 -90 min, PKC converted to a cofactor independent constitutively activated form, which eluted with a high concentration (0.25 M) of NaCl from a DEAE-cellulose column (Fig. 7B) . Furthermore, during the activation period, phorbol ester binding within intact cells also decreased, suggesting a modification of the regulatory domain, which binds phorbol esters (Fig. 7C) . With prolonged treatment (Ͼ90 -120 min) with CoCl 2 , PKC lost some of its activity, and it could only be partially recovered with mercapto agents.
Effect of Thiol Agents and Zinc on the Redox Modification of PKC in PC12 Cells-Since isolated PKC is apparently modified
by redox regulation, we tested whether NAC could block and/or reverse the changes occurring in PKC within oxidanttreated PC12 cells. As shown in Fig. 7 , A and C, NAC (10 mM) blocked the effect of CoCl 2 on both PKC activity and phorbol ester binding. Moreover, when these oxidant-mediated changes in PKC were allowed to occur in the absence of thiol agents, NAC also reversed these changes (data not shown), suggesting that at high concentrations, NAC can also act as a strong reductant. Similarly, the inclusion of zinc chloride (50 M) in the growth medium also blocked the redox modification of PKC (data not shown) and loss of phorbol ester binding observed with intact PC12 cells (Fig. 7C) . Since cobalt and zinc competitively bind to zinc-thiolates, it is likely that the redox inert zinc might have protected this site from oxidation. Nonetheless, the possibility cannot be ruled out that zinc blocked the cellular uptake of cobalt, the details of which are not clearly known in mammalian cells. These studies further support the notion that the oxidants tested in this study directly redox-modified PKC at the zinc-thiolate structures present in its regulatory domain. Although NAC both blocked and reversed PKC modification induced by CoCl 2 in PC12 cells, it was only effective in blocking the PKC modification induced by X/XO. Furthermore, the delayed application of NAC resulted in only a partial recovery of the X/XO-induced changes in PKC once they were allowed to occur. Conversely, zinc neither blocked nor reversed the PKC modifications induced by X/XO. This suggests a subtle difference in the PKC modification induced by X/XO versus that induced by CoCl 2 .
Effect of Cellular GSH on CoCl 2 -induced Modification of PKC-Since intracellular GSH protects the cell from oxidative damage, it is possible that GSH might protect PKC from the oxidative modification induced by CoCl 2 . Alternatively, it is possible that CoCl 2 does not directly modify PKC but oxidizes GSH to form GSSG, which can modify PKC by S-glutathiolation, as shown by others (47) . To test both possibilities, PC12 cells were initially treated for 24 h with 100 M L-buthionine-(SR)-sulfoximine, a specific inhibitor of GSH synthesis. Total GSH (reduced and oxidized) decreased more than 90% from 32.6 nmol/mg protein in the control to 2.7 nmol/mg protein in the L-buthionine-(SR)-sulfoximine-treated cells. Nevertheless, CoCl 2 modified PKC to the same extent in both the control and GSH-depleted cells (data not shown). Furthermore, CoCl 2 (50 -150 M) treatment did not appreciably increase the amount of GSSG in PC12 cells. Even a transient increase in GSSG is likely to have been reversed by glutathione reductase in intact cells. This suggests that CoCl 2 might directly modify PKC without the need for an initial formation of GSSG and also that this modification of PKC is not influenced by the cellular status of GSH. 2 -Western immunoblotting analysis revealed the presence of all tested isoenzymes (␣, ␤, ␥, ␦, ⑀, and ) in the PC12 cell extract. Upon treatment with CoCl 2 , all isoenzymes translocated from the soluble to particulate fraction. Since a sustained membrane association of PKC isoenzymes (especially conventional isoenzymes) may result in loss of their activity by dephosphorylation (48), it is important to measure their individual kinase activity, in addition to analyzing them by Western immunoblotting. However, when we initially attempted to measure the activity of these isoenzymes in the detergent-extractable particulate fraction by an immunocomplex kinase assay, the immunoprecipitable activity was only a small fraction of that expected from the total activity. This limitation can give potential artifacts in comparing the activity of various translocated PKC isoenzymes by immunocomplex kinase assay. Therefore, we preferred to use isoenzyme-selective inhibitors to identify the specific PKC isoenzyme(s) involved in oxidantinduced neuritogenesis.
Identification of PKC Isoenzymes That Mediate the Actions of CoCl
Initially, we used a cell-permeable myristoylated pseudosubstrate inhibitory polypeptide (PKC␣ and -␤, residues 20 -28), which preferentially inhibits conventional PKC isoenzymes (␣, ␤, and ␥). It did not significantly inhibit CoCl 2 -induced neurite outgrowth, thus excluding a role of these isoenzymes in this process (Fig. 8) . BIM, a cell-permeable PKC-specific inhibitor, did not inhibit CoCl 2 -induced neurite outgrowth at a concentration of 100 nM. Given the fact that BIM is a highly potent inhibitor for conventional PKC with an IC 50 of ϳ10 nM (49), the lack of inhibition of CoCl 2 -induced neuritogenesis despite the use of a 100 nM concentration of BIM further excludes the possible role of the conventional PKC isoenzymes in this process. Since BIM inhibits novel PKC isoenzymes ␦ and ⑀ with a lower affinity (IC 50 ϳ 0.2 M), we tested BIM at a higher (2 M) concentration to inhibit these isoenzymes. At this concentration, BIM inhibited neurite outgrowth. In order to exclude the possibility of nonspecific inhibition of other enzymes by BIM at high (2 M) concentration, we used its inactive analogue BIM V (2 M) as a negative control. This inactive analogue did not inhibit neurite outgrowth. Since BIM poorly inhibits PKC with high IC 50 (ϳ5 M), it is unlikely that PKC plays a key role in oxidant-induced neuritogenesis. Furthermore, oxidants fail to 
Cofactor-dependent
Cofactor-independent C FIGURE 6. CoCl 2 -induced oxidation of cysteine sulfhydryls in PKC and its relation to loss of phorbol ester binding and gain of cofactor-independent activation of PKC. A highly purified mixture of conventional Ca 2ϩ -dependent PKC isoenzymes (0.5 nmol) was incubated with the indicated concentration of CoCl 2 for 25 min at 30°C. Excess CoCl 2 was removed by gel filtration. A, quantitation of cysteine sulfhydryls. A major aliquot of the desalted sample was used to quantitate accessible sulfhydryls in PKC with DTNB in a microwell plate. The total sulfhydryls in PKC were determined after the addition of SDS. B, decrease in phorbol ester binding after CoCl 2 treatment. Simultaneously, a small aliquot of CoCl 2 -treated and desalted PKC was diluted in a buffer with and without DTT, and phorbol ester binding was determined using a multiwell filtration method. C, cofactor-independent activation of PKC. An aliquot of desalted sample was initially incubated for 5 min at 30°C with or without DTT, then PKC activity was determined using histone H1 as a substrate and in the presence or absence of cofactors (Ca 2ϩ and lipids). The values represent means of triplicate estimations.
induce neurite outgrowth in PC12 cells pretreated with a high (0.5 M) concentration of phorbol 12-myristate 13-acetate, which depletes both conventional and novel PKC isoenzymes but not PKC (data not shown). This observation further excludes the role of PKC in this process. Given these results, PKC⑀ and -␦ isoenzymes are most likely the isoenzymes involved in oxidant-induced neurite outgrowth.
In order to dissect the relative contribution of PKC␦ and -⑀ to neuritogenesis, rottlerin, a PKC␦-specific inhibitor was used (50). Rottlerin did not inhibit neuritogenesis at 1 M concentration (Fig. 8) , suggesting that PKC␦ is most likely not a key player in this process, but it is important to note that the concentration of rottlerin used is only 5-fold higher than the reported IC 50 (0.2 M) for the inhibition of PKC␦ (48) . Considering the limitation of cell permeability, it is unlikely that this concentration is high enough to completely inhibit PKC␦. Because of the high mitochondrial toxicity of rottlerin (51), we did not use it at the higher concentrations necessary to optimally inhibit PKC␦ in PC12 cells. Although this study supports PKC⑀ as the likely candidate for oxidant-induced neuritogenesis, it cannot exclude a possible role for PKC␦ in this process.
PKC⑀ Levels Correlate with the Extent of Neurite OutgrowthTo further evaluate the role of PKC⑀ in CoCl 2 -induced neuritogenesis, two different approaches were used to determine whether there is a correlation between the expression of PKC⑀ and the extent of neuritogenesis. In the first approach, we overexpressed PKC⑀ by stable transfection, whereas in the second approach, we suppressed the levels of PKC⑀ by using siRNA.
In PC12 cells stably transfected with a metallothioneindriven PKC⑀ vector, maximal expression of PKC⑀ occurred when 5 M cadmium chloride was added to the growth medium (Fig. 9A) . As shown in Fig. 9B , CoCl 2 induced a substantial increase in neurite outgrowth in PC12 cell transfectants optimally overexpressing PKC⑀ compared with that of control cells transfected with an empty vector. These observations support a direct correlation between increased expression of PKC⑀ and oxidant-induced neuritogenesis.
A transient transfection with three predesigned siRNA oligonucleotides resulted in a decrease in PKC⑀ as measured by Western immunoblotting (Fig. 9A) . Furthermore, immunoblot analysis revealed that other PKC isoenzymes, such as ␣, ␤, ␥, and ␦, were not affected by the transfection with PKC⑀ siRNA oligonucleotides, demonstrating the specificity involved in the knock-out procedure. The experiments were continued with the PKC⑀ siRNA oligonucleotide that produced the greatest knock-out (a decrease of ϳ80% of the control). This decrease in PKC⑀ immunoreactivity caused by siRNA transfection directly correlated with a decrease in neurite outgrowth (Fig. 9B) . On the contrary, the negative control scrambled siRNA decreased neither PKC⑀ nor neurite outgrowth. Therefore, these experiments further support a key role for PKC⑀ in neuritogenesis.
Phosphorylation of GAP-43, a PKC-specific Neuronal Substrate Protein-Although PKC was activated by oxidants using cell extracts in the test tube, it is important to determine whether this activation occurs in intact cells. For this purpose, we determined the degree of phosphorylation of the endogenous protein, GAP-43 at Ser 41 , which is a highly specific substrate for PKC. In PC12 cells treated with CoCl 2 , the phosphorylation of GAP-43 increased in parallel with PKC activity (Fig.  10A ). NAC and zinc, which inhibited CoCl 2 -induced oxidative activation of PKC, also inhibited GAP-43 phosphorylation (Fig.  10B) . PKC-selective inhibitor BIM at high (2 M) concentrations, but not at low (100 nM) concentrations, also inhibited phosphorylation of GAP-43. In addition, a PKC⑀ translocation inhibitor moderately inhibited this process. Furthermore, partial knock-out of PKC⑀ by a transfection with its siRNA (but not scrambled siRNA) decreased GAP-43 phosphorylation (data not shown). Therefore, PKC, especially the ⑀ isoenzyme, plays a direct role in the CoCl 2 -induced phosphorylation of GAP-43. In contrast, the MAPK kinase inhibitor PD98059 did not decrease this phosphorylation, suggesting the lack of a direct role for the MAPK system in the CoCl 2 -induced phosphorylation of GAP-43 at Ser 41 .
The Role of PKC in the Activation of MAPK ERK1/2 in
Neuritogenesis-Within minutes of treatment with CoCl 2 , an activation of ERK1/2 occurred, as measured by Western immunoblotting with phosphospecific MAPK antibodies (Fig. 11A) . This activation persisted for at least 120 min. Similar results were obtained with the X/XO system (data not shown). Both NAC and zinc blocked the CoCl 2 -induced activation of ERK1/2 (Fig. 11B) . BIM at high (2 M) concentrations, but not at low (100 nM) concentrations, blocked this activation as well. A knock-out of PKC⑀ decreased CoCl 2 -induced activation of ERK1/2. Although a PKC⑀ translocation inhibitor was also used in this experiment, the results obtained were inconsistent. Collectively, all of these data suggest that PKC, particularly the ⑀ isoenzyme, plays a key role in the CoCl 2 -induced activation of ERK1/2. MAPK kinase inhibitor PD98059 did not affect the CoCl 2 -induced activation of PKC. Nonetheless, it substantially decreased CoCl 2 -induced activation of ERK1/2 and neuritogenesis (data not shown). Therefore, PKC may function as an upstream signaling enzyme that couples the direct action of oxidants to a downstream MAPK pathway leading to neuritogenesis.
Activating Phosphorylation of CREB and the Role of the PKC⑀-ERK Pathway-In order to identify the downstream mechanisms involved in oxidant-induced neuritogenesis, we determined whether the PKC⑀-ERK pathway, activated in response to sublethal oxidative stress, could stimulate activating phosphorylation of CREB at Ser
133
. CoCl 2 strongly stimulated the phosphorylation of CREB with a peak at 30 min of stimulation (Fig. 12A) . Incubation with X/XO also induced the phosphorylation of CREB (data not shown). Both pretreatment with high (2 M) concentrations of bisindolylmaleimide to inhibit PKC⑀ and transfection with PKC⑀ siRNA resulted in a partial inhibition of the phosphorylation of CREB (Fig. 12B) . Furthermore, blocking of the ERK pathway by pretreatment with PD98059 also resulted in a partial inhibition of CREB phosphorylation. In contrast, antioxidants N-acetyl-L-cysteine and N-acetyl-D-cysteine completely inhibited the phosphorylation of CREB. Therefore, this study cannot rule out the possibility of a partial contribution of other protein kinases (such as p38 MAPK), activated in response to sublethal oxidative stress, in the phosphorylation of CREB. This study does suggest, however, that the PKC⑀-ERK pathway is, at least in part, involved in the activating phosphorylation of CREB at Ser 133 .
Role of Redox Activation of PKC⑀ in NGF-induced Neurite
Outgrowth-In order to assess the biological significance of the neuritogenesis induced via oxidative activation of PKC⑀ by exogenous oxidants, we examined whether the small amounts of ROS generated during NGF signaling induce oxidative activation of PKC⑀ (13) (14) (15) ). This hypothesis was tested using the same PC12 cell model system. Western immunoblotting showed a cytosol to membrane translocation of PKC⑀ in the NGF-treated PKC cells, suggesting its activation (Fig. 13A) . NAC blocked both PKC⑀ translocation and NGF-induced neuritogenesis, suggesting a possible role of ROS in these processes. Furthermore, both high (2 M) concentrations of BIM used to inhibit PKC⑀ and knock-out of PKC⑀ by siRNA partially inhibited NGF-induced neurite outgrowth (Fig. 13B) . Conversely, controls exposed to BIM V (2 M) or scrambled siRNA did not exhibit decreased neuritogenesis. This suggests that oxidative activation of PKC⑀, at least in part, plays a critical role in NGF-induced neuritogenesis.
DISCUSSION
ROS are produced as part of the inflammatory response to spinal cord and traumatic brain injuries, and the enzymes directly and specifically influenced by them are molecular targets for new therapies to promote neuritogenesis. Various studies have indicated that CoCl 2 , X/XO, and hyperoxia can promote neuritogenesis in PC12 cells through the induction of ROS (10, 52) . In addition, the transitional metal manganese has been shown to increase neuritogenesis (53) . Furthermore, the free radical-trapping agent ␣-phenyl-N-tert-butylnitron has been reported to induce neurite outgrowth by a redox mechanism (54) , and NGF-induced neuritogenesis has been reported to require the generation of ROS (13) (14) (15) . Therefore, it is possible that ROS are common signals for neurite outgrowth in PC12 cells.
Oxidants induce a bidirectional response in PC12 cells; at lower concentrations, they induce neuritogenesis, whereas at higher concentrations, they induce cell death (10, 52) . Similarly, oxidants induce an activation of PKC at lower concentrations and an inactivation of PKC at higher concentrations (24) . PKC activation induces a wide variety of cellular processes, including cell growth, adhesion, and motility, whereas PKC inactivation triggers cell death (23) . The bidirectional regulation of this kinase is well suited for explaining the paradoxical effects of oxidants. In addition to PKC, various specific molecular targets that are directly modified and either inactivated or activated by oxidants have been identified, including protein-tyrosine phosphatase, Ras, and transcriptional factors c-Jun and p53 (55) (56) (57) (58) . In contrast, some targets, such as MAPK, are indirectly acti- Neurite outgrowth was measured after 3 days. Differences between treatment groups were assessed by paired t test. **, p Ͻ 0.01; NAC is significantly lower than its control "alone" (no NAC). **, p Ͻ 0.01; BIM is significantly lower than its control BIM V. *, p Ͻ 0.05; PKC⑀ siRNA is significantly lower than its control scrambled siRNA.
vated by oxidants (59) . Although these targets are very important in oxidant-induced cellular regulation, it is not clear at present whether they also respond bidirectionally to oxidants. Molecular targets for oxidant-induced neuritogenesis should have the following five properties. First, the target should have structural features allowing for the specific and bidirectional response to oxidants; second, the target should explain how such oxidations occur in cells with high (millimolar) concentrations of GSH; third, the target should translocate to organelles where critical events necessary for neuritogenesis occur; fourth, the target should regulate growth-associated proteins, which are intimately involved in cytoskeletal reorganization; finally, the target should protect the cells from oxidant-induced cell death in order to facilitate neuritogenesis. Our present studies reveal that PKC isoenzymes appear to possess all five of these criteria, and the experimental evidence to support this notion is discussed below.
First, in order to characterize PKC as an appropriate molecular target for oxidants, we assessed the molecular basis for the specific and bidirectional response of PKC to oxidants in relation to the opposing cellular effects (cell death and neuritogenesis) elicited by oxidants. Studies conducted with both modal monothiols and dithiols indicate that cobalt and zinc compete for thiolates. The PKC zinc-thiolate motif is coordinated by a CXXC sequence in which two cysteine residues are separated by two other amino acids (25, 60) . This is a highly redox-active center that is present in the thioredoxin family of proteins (61) . These vicinal thiol residues can be readily oxidized to disulfides with the assistance of a transition metal present in the cell or in solution. Thus, the binding of redox-inert zinc prevents the oxidation of the two vicinal cysteine residues. Redox-active cobalt, by replacing redox-inert zinc, catalyzes the oxidation of these vicinal sulfhydryls. Since this is a catalytic reaction, a small amount of intracellular free cobalt is sufficient to oxidize proteins with accessible zinc-thiolate motifs. Therefore, PKC, by having zinc-thiolate motifs, is an appropriate target for cobalt.
Once cobalt induces the oxidation of cysteine residues in the regulatory domain, this domain can no longer bind the zinc that is necessary to support the conformation responsible for the binding of diacylglycerol and phorbol esters. This modification therefore results in loss of phorbol ester binding. The collapse of zinc fingers is most likely to perturb the conformation of the regulatory domain, which in turn relieves the inhibitory effect of the pseudosubstrate region (present in the regulatory domain) on the C-terminal catalytic region. This results in the generation of a cofactor-independent constitutively activated form of PKC. At high concentrations, in addition to binding to the regulatory domain, cobalt may also bind to the low affinity sites consisting of cysteine residues within the catalytic domain and cause their sulfhydryl oxidation, thus leading to the inactivation of PKC. This modification is reversed with DTT. Previous studies have revealed that the catalytic domain has two pairs of vicinal sulfhydryls, which upon oxidation by selenite form two disulfide bonds, resulting in a loss of kinase activity (36) . Besides inducing thiol-reversible inactivation, at higher concentrations cobalt also induces thiol-irreversible inactivation of PKC. Higher concentrations of oxidants have been previously shown to induce irreversible oxidation of other amino acids, such as histidine, tryptophan, and methionine, in addition to cysteine (44) . This may occur at the PKC sites to which cobalt binds with low affinity. Therefore, cobalt, in a concentration-dependent fashion, either modifies only the regulatory domain that activates PKC or additionally modifies the catalytic domain that inactivates PKC.
That PKC, with its zinc-thiolate motif, is an appropriate target for cobalt is further supported by the fact that other enzymes we have tested in this study, such as protein kinase A, phosphorylase kinase, and protein phosphatase 2A, all lack the zinc-thiolate motif and were not affected by cobalt. Because other protein kinases (except Raf and protein kinase D) and protein phosphatases lack zinc-thiolate motifs, they are unlikely candidates for the action of cobalt at low concentrations. Nevertheless, this study cannot exclude the possibility of "nonkinase" proteins with a C1 domain with zinc-thiolate motifs as targets for oxidants. For example, chimaerins, with cysteine-rich C1 domains similar to those of PKC isoenzymes (62), may also be targets for oxidation. Additionally, other proteins, such as metallothioneine, that contain zinc-thiolate motifs (63) may also be targets for this modification. Moreover, it is possible that cobalt at higher concentrations may nonspecifically react with cysteine residues in some proteins. Nevertheless, it is unlikely that the bidirectional response that is seen in PKC will also be seen in these specific or nonspecific targets.
Second, as an additional criterion for a molecular target for oxidants, we assessed how PKC oxidative changes occur in the cell with millimolar concentrations of GSH. Although in the test tube or in crude cell extracts, GSH at millimolar concentrations inhibits the CoCl 2 -induced redox modification of PKC, it does not inhibit this modification in intact PC12 cells. Since PKC is loosely associated with the membrane in resting cells (64) , redox regulation of PKC might occur at the interface between the membrane and hydrophobic regions of the protein shielded from cytosolic GSH. Therefore, we may deduce that the CoCl 2 -induced oxidation of PKC occurs within the vicinity of the enzyme and is not due to globally generated free radicals, which were previously shown in PC12 cells treated with high (Ͼ300 M) concentrations of CoCl 2 (65) .
Third, to further support PKC as a molecular target for oxidants, we assessed the translocation of PKC from the soluble to particulate fraction. There is a possibility that the cobalt-induced oxidative modification of PKC triggers the membrane translocation (stabilization) of PKC. Another possibility is that cobalt might have initially activated phospholipases, resulting in the generation of lipid second messengers, which subsequently caused the membrane association of PKC. Previous studies have shown an activation of phospholipases A2, C, and D by oxidants (66, 67) .
Although oxidants induced membrane translocation of various isoenzymes, the present studies carried out with isoenzyme-specific PKC inhibitors and overexpression or knock-out of PKC⑀ strongly suggest a role of PKC⑀ in oxidant-induced neuritogenesis. Previous studies have demonstrated a specific role for PKC⑀ in NGF-induced neuritogenesis (20 -22) . There are also studies that support a role of PKC␦ in this process as well (68) . Moreover, some studies suggest an active role of both PKC␦ and -⑀ isoenzymes in NGF-induced neurite outgrowth (69) . Therefore, it is possible that both isoenzymes may be required for oxidant-induced neuritogenesis. After membrane association, PKC-binding proteins might protect ⑀ and ␦ isoenzymes. The sustained activation of these isoenzymes facilitates the phosphorylation of membrane-bound growth-associated proteins.
Fourth, we assessed the ability of PKC to phosphorylate and regulate the growth-associated protein GAP-43, which is intimately involved in neuritogenesis. We measured PKC activity in relation to GAP-43 phosphorylation by employing a peptide corresponding to the phosphorylation domain of neurogranin, which shares homology with the phosphorylation domain of GAP-43. In addition, we measured GAP-43 phosphorylation in intact PC12 cells. This measurement of GAP-43 phosphorylation has two benefits. First, GAP-43 is a highly specific substrate for PKC (32) , and its phosphorylation in intact cells reveals a true activation state of the enzyme. Second, GAP-43 phosphorylation is also a component of the actin cytoskeletal reorganization, which is needed for neuritogenesis (33) . One of the intriguing observations in this study is that CoCl 2 induced a rapid phosphorylation of GAP-43 in PC12 cells, which is blocked by NAC and various PKC inhibitors. Conceivably, PKC, especially the ⑀ isoenzyme, is a molecular target for the oxidant-induced regulation of GAP-43, which influences the structure of the actin cytoskeleton.
Previous studies have shown a conformationally hidden actin-binding motif in PKC⑀ that is unique to this individual member of the PKC family (70) . This motif becomes exposed upon the activation of this isoenzyme and functions as a dominant localization signal. Other studies have revealed a colocalization of PKC⑀ with F-actin at the cortical cytoskeleton, which is important for neurite outgrowth (71) . Interestingly, GAP-43 also binds to actin (32) . Furthermore, both GAP-43 and PKC are translocated to the plasma membrane during neuritogenesis (72) . Therefore, a colocalization of PKC⑀ and GAP-43 with actin and the plasma membrane may bring PKC⑀ into close proximity of its phosphorylation substrate GAP-43. Although isolated GAP-43 is phosphorylated by various PKC isoenzymes in the test tube (73) , the colocalization of PKC⑀ and GAP-43 makes PKC⑀ the most likely isoenzyme for the phosphorylation of GAP-43 in intact PC12 cells.
Finally, PKC is a likely molecular target for oxidants, because it protects cells from oxidant-induced cell death. Cellular adaptation to environmental oxidants is an important limiting factor for neuritogenesis. Previous studies have shown that an overexpression of PKC⑀ in PC12 cells induces an increase in expression of Bcl-2, an antiapoptotic protein (74) . Moreover, Bcl-2 has previously been shown to rescue PC12 cells from hyperoxiainduced cell death, and such an adaptation to oxidative stress facilitates the induction of a neuronal phenotype (75) . Besides playing a central role in neuritogenesis, ERK1 and -2, activated in response to PKC oxidative activation, protect cells from oxidants. ERK-activated p90RSK phosphorylates and activates CREB, which in turn induces the transcriptional activation of cell survival proteins that have a cAMP-response element in their promoter region (4, 5) . In this context, it is interesting to note that thioredoxin, a protein-disulfide reductase, has a cAMP-response element in its promoter region, and its induction plays a key role in neuroprotection (76, 77) . If the inactivated state of PKC⑀, caused by disulfide formation in the catalytic domain, persists for a sufficiently long period of time, cell death by the ceramide-mediated pathway may result (78) . Therefore, thioredoxin, with its high affinity for the PKC catalytic domain (79, 80) , may reduce oxidant-induced disulfides and thus regenerate PKC activity, which in turn protects cells from death. At the same time, thioredoxin, with its weak affinity for the regulatory domain, fails to reverse the redox modification of cysteines in this domain, and as a result PKC retains its oxidant-induced constitutive activity. Given the fact that PKC⑀ is a cell survival enzyme in various cell types, including PC12 cells (26, 81) , its overexpression and activation may protect cells from oxidant-induced cell death, which in turn facilitates neuritogenesis.
Although exogenously administered oxidants cause the activation of PKC⑀ and downstream pathways, it is important to consider the fact that this oxidative regulation of PKC⑀ is also observed in PC12 cells treated with NGF. The limited amount of ROS produced in response to NGF signaling is sufficient to induce the activation of the PKC pathway, which, in cooperation with other mediators of NGF signaling, induces neuritogenesis. Therefore, the oxidative regulation observed in this study has biological significance in neuritogenesis in addition to its role in cellular response to exogenously administered oxidants.
This study has demonstrated that oxidants at sublethal doses induce neuritogenesis via a PKC pathway. Since a variety of other agents (e.g. polyphenolic compounds and drugs) induce ROS, it will be interesting to determine whether sublethal doses of these agents can induce neurite outgrowth as well. Understanding the mechanisms involved in compensatory axonal growth will help in the development of pharmacological agents for recovery after neuronal injuries and for reversal of age-related loss of neuronal plasticity.
